We present a full computational description of the fragmentation reactions of protonated diglycine (H + GG). Relaxed potential energy surface scans performed at B3LYP/6-31 G(d) or B3LYP/6-311+G(d,p) levels are used to map the reaction coordinate surfaces and identify the transition states (TSs) and intermediate reaction species for seven reactions observed experimentally in the succeeding companion paper. All structures are optimized at the B3LYP/ 6-311+G(d,p) level, with single point energies of the key optimized structures calculated at B3LYP and MP2(full) levels using a 6-311+G(2 d,2p) basis set. These theoretical structures and energies are compared with extensive calculations in the literature. Although the pathways elucidated here are generally in agreement with those previously outlined, new details and, for some reactions, lower energy transition states are located. Further, the mechanism for the combined loss of carbon monoxide and ammonia is explored for the first time.
Introduction

D
etailed characterizations of gas-phase decompositions of peptides as accomplished by mass spectrometric means are important in understanding biologically relevant reactions and in using this technique to provide detailed sequence information. The gas phase fragmentation of protonated peptides occurs primarily at the amide bonds of peptide linkages, where the charge may be retained on either the N-terminal or C-terminal fragment, producing b or y ions, respectively. Additional fragmentations have been observed, including the loss of CH 2 O 2 , a process investigated in numerous amino acid and peptide systems in gas phase studies [1] [2] [3] [4] . Significant progress in analyzing such processes computationally has been made over the past decade. For instance, multiple pathways for the loss of CH 2 O 2 have been characterized [5] and the most thermodynamically and kinetically favored mechanism involves loss of H 2 O+CO. In the specific case of the decomposition of protonated diglycine, H + GG, computational studies include the work of Klassen and Kebarle [6] and Wesdemiotis and coworkers [7] . More comprehensive examinations of the main fragmentation pathways have been conducted by Paizs and coworkers [8, 9] and Balta et al. [10] .
In the following paper [11] , guided ion beam tandem mass spectrometry is used to quantitatively characterize the energetics for H + GG decomposition for the first time. Six ionic products are formed by loss of CO, loss of H 2 O forming the b 2 ion, combined loss of H 2 O + CO forming the a 2 ion, combined loss of CO + NH 3 , and formation of the y 1 (H + G) and a 1 (CH 2 NH 2 + ) ions. In the present paper, we explore the reaction coordinate surfaces for these processes using computational theory. This work elucidates the mechanisms for these reactions as well as providing structures, vibrational frequencies, and rotational constants needed for accurate analysis of the experimental data. Single point energies also yield energetic information for comparison to the resultant experimental threshold energies, which allows the mechanistic pathways found computationally to be validated. The theoretical mechanisms for fragmentation of H + GG elucidated here generally match those previously reported [5, [8] [9] [10] , although alternate low energy pathways are found here and loss of ammonia is characterized for the first time.
Computational
Model structures, vibrational frequencies, and energetics for all reaction species, including all transition state (TS) and intermediate species, were calculated using Gaussian 03 [12] . Series of relaxed potential energy surface (PES) scans at the B3LYP/6-31 G(d) or B3LYP/6-311+G(d,p) levels were performed in order to identify the elementary steps. All intermediate and TS structures occurring along the PESs were optimized at the B3LYP/6-311+G(d,p) level, where each TS was found to contain one imaginary frequency and each intermediate was vibrationally stable. Rotational constants were obtained from the optimized structures, and all vibrational frequencies were also calculated at this level. Zero-point vibrational energy (ZPE) corrections to the relative energies use vibrational frequencies scaled by 0.99 [13] . Single point energies were determined at the B3LYP and MP2 (full) levels using the 6-311+G(2 d,2p) basis set. In a recent study of protonated glycine [14] , these levels of theory were found to provide accurate reproduction of several relevant experimental results. Other approaches, e.g., larger basis sets or MP2 geometry optimizations, were not found to provide any additional accuracy. Single point energies at the B3P86/6-311+G(2 d,2p) level were also obtained in the course of the present work, but as also shown in the glycine work, these substantially overestimate experimental values and therefore are not reported.
As a means of identifying the various conformations of H + GG, we use a nomenclature that specifies the site of protonation in brackets followed by a designation of the five dihedral angles going from the N terminus to the hydroxyl group (i.e., ∠NCCN, ∠CCNC, ∠CNCC, ∠NCCO, and ∠CCOH), where c (cis) stands for angles G45°, g (gauche) for angles between 45°and 135°, and t (trans) for angles 9135°. Thus the GS is [N 1 ]-ttttt where the N 1 designation indicates the proton is on the nitrogen of the first (Nterminal) residue. For diglycine species in which the proton is on the oxygen of the first residue (O 1 ), it is also useful to designate the orientation of the proton (c or t) by indicating the ∠CCO 1 H dihedral angle, either [O 1c ] or [O 1t ]. When the proton is located on the carbonyl oxygen of the second residue (O 2 ) forming a gem-diol structure, the ∠CCO 2 H dihedral angle is also specified by a sixth letter. The position of the N-terminal amino group (when not protonated or involved in a hydrogen bond) can also be rotated but is often such that the lone-pair is cis with respect to the CC bond. When the amino group is rotated to the trans position, the ∠NCCN dihedral is augmented by a subscript t. In a couple of cases, cis and gauche dihedral angles can have opposite signs leading to distinct conformations and in such cases a subscript + and -are used to distinguish them, although not all such possibilities are explicitly noted. Transition states are indicated by TS followed by the protonation site and backbone conformation. Transition states for proton transfer steps are named like TS[N 1 -O 1 ]-ttttt and those for dihedral angle rotations as TS[N 1 ]-t(tc)ttt. Although a bit more complicated than simply numbering the various species, we believe this nomenclature allows better visualization of the species and can potentially be systematically extended to longer chains as well.
Results
Mechanisms for the decomposition of H + GG have been elucidated previously using computational theory by Paizs and coworkers (Paizs, Csonka, Lendvay, and Suhai, PCLS [8] and Paizs and Suhai, PS [9] ) at the B3LYP/6-31 G(d) level and in the latter, at the B3LYP/6-31+G(d,p) level as well. These results were later updated by Balta, Aviyente, and Lifshitz (BAL) at the B3LYP/6-31+G(d,p) level [10] . Some minor revisions in these findings are suggested by results of the present, higher level B3LYP/6-311+G(d,p) calculations.
Protonation of GG most favorably occurs at the amide nitrogen with the structure further stabilized by several hydrogen bonds. Thus, the GS of H + GG is [N 1 ]-ttttt (designated as A1 by PCLS and 1 by BAL). The GS structure of H + GG has previously been characterized computationally [6, 8-10, 15, 16] and the results verified using IRMPD spectroscopy [15, 16] . In the following sections, the various conformers available to protonated GG and its decomposition products are discussed along with the TSs that connect them. Relative energies of the former at several levels of theory and from the literature are listed in Table S1 with structures shown in Figure S1 of the Supplementary Material. Table S2 includes relative energies of the various TSs.
Proton Migration Before Decomposition
As previously noted by PCLS [8] , there are a multitude of conformers for the protonated GG dipeptide, several of which have enantiomeric forms, e.g. , glycine, and CO is formed. In addition to this path for formation of the dominant y 1 and a 1 products, we found an energetically comparable pathway, shown in Figure 1 C~N 2 }, where again the C α1 -CO and OC-N 2 bonds are synchronously broken to form a complex of CH 2 NH 2 + , glycine, and CO. Compared with the pathway found by PS, the rate-limiting step for this pathway lies 1.2 kJ/mol lower in energy in the B3LYP calculations, but 0.7 kJ/mol higher at the MP2 level of theory. The main difference between these two pathways is that TS[N 2 ]-cggtt{C α1~O C~N 2 } has a hydrogen bond between the NH of the incipient immonium ion and the carbonyl of glycine, such that it is somewhat more constrained. Indeed, calculations of the 298 K free energies of these two species indicate that the ttgtt conformer is 1-3 kJ/mol lower than cggtt. Likewise, calculations of energy-dependent rate coefficients for each pathway reveal entropies of activation of 50 versus 45 J/K mol, respectively, i.e., ttgtt is a looser TS.
Two alternative pathways for formation of the y 1 /a 1 products found here are described in the Supplementary Material. These routes are either higher in energy or entropically disfavored compared with those shown in Figure 1 . PS and BAL also examined pathways yielding an aziridinone, i.e., three-membered cyclic CH 2 NHCO, but both found this pathway to exceed those outlined above by about 50 kJ/mol. Therefore, this route was not investigated here.
y 1 /a 1 Formation: Products
Once over one of the rate limiting steps elucidated above, complexes of the CH 2 NH 2 + immonium ion to glycine and CO are formed. PS located three such complexes, and we find six others along with TSs connecting all nine, Tables S1 and S2. In agreement with PS, we find that intrinsic reaction coordinate (IRC) calculations from both low-lying TSs (TS [N 2 ]-cggtt{C α1~O C~N 2 } and TS[N 2 ]-ttgtt{C α1~O C~N 2 }) appear to lead to the formation of (OC C )( Figure 1 , where our nomenclature indicates that the CO molecule is bound to the carbon atom of the immonium ion and the glycine forms two hydrogen bonds (•) with the immonium ion (whose components are on the left of the hydrogen bond designation). In all cases, the first hydrogen bond listed identifies the shared proton. Figure 1 .
Once the CO molecule has left, the (CH 2 NH 2 + )(G) complexes can also explore the same variations in conformations that occur for the CO complexes. The lowest energy conformer found is CH 2 , where the NH•OC hydrogen bond is lost upon proton transfer. As also found by PS, the TSs for proton transfer between CH 2 NH and G in both of these complexes are low-lying, actually lying below the NH•N forms once zero point energies are included (by 2-4 and 0.5-2.2 kJ/mol, respectively). This indicates that the barrier for proton motion lies below the zero point level such that the proton is shared nearly equally between the two molecules. Indeed, the N-H-N bond lengths are 1.308+ 1.297 and 1.326+1.277Å, respectively, for these two TSs. In all cases, the various CH 2 NH 2 + (G)+CO species lie well below the energy of the rate-limiting TS[N 2 ]{C α1~O C~N 2 } (ttgtt or cggtt) transition states passed in order to produce them, Figure 1 .
For any of these paths, the (CH 2 NH 2 + )(G) complexes can dissociate to form either the y 1 (H + G) or a 1 (CH 2 NH 2 + ) ionic products at somewhat higher energies, Figure 1 . Overall, the energy required for loss of CO is clearly limited by the two TS[N 2 ]{C α1~O C~N 2 } transition states (ttgtt and cggtt). TS [N 2 ]-cggtt{OC~N 2 } (see Supplementary Material) has a similar energy, but is much tighter such that it is unlikely to contribute appreciably to this pathway. Subsequent formation of the y 1 and a 1 product ions is limited by their asymptotic product energies, i.e., they have loose TSs. Formation of y 1 +CH 2 NH is calculated to lie only 21-31 kJ/mol higher in energy than the lowest rate-limiting TS, with formation of a 1 +G another 16-22 kJ/mol higher still. Because the proton is shared by the two molecules at their favored protonation sites, dissociation can yield both the y 1 and a 1 ions competitively.
Further Decomposition of H + G
In previous work [14] , we elucidated the mechanism for decomposition of protonated glycine, with results in good agreement with previous computational studies [5, 17, 18] GG reactant GS, is ratelimiting in the formation of the oxazolone b 2 ion. BAL also elucidated a parallel pathway, differing only in that the Nterminus has a cis orientation relative to the amide oxygen, which is described in the Supplementary Material along with two high energy pathways for b 2 ion formation previously elucidated by PCLS [8] . Another pathway more comparable in energy was also located by BAL and is shown in Figure 3 . ∠NCCN dihedral) Figure 3 , which is 6-12 (17) kJ/mol more stable and the most stable conformation of this complex found. Transition states to these two conformations are low in energy, requiring only 4-9 and 2-10 kJ/mol, respectively. Finally, supported by the hydration, the proton can transfer from the ring (N 2 ) in (H water, as shown by the parallel pathways in Figure 4 (black and blue surfaces, respectively). Cyclic c-C 3 H 7 N 2 O + is more stable than the acyclic form by 40-55 (40 at the B3LYP/6-311++G(d,p) level in Verkerk et al. [19] ) kJ/mol, and the hydrated versions have a stability difference of 48-60 kJ/ mol. Cyclization requires two steps with the former being rate-limiting both with and without water present: a trans-cis rotation about the C-N 2 bond over TS (C 3 Table S1 ). In the higher energy "down" position, the water hydrogen bonds to the NH bond nearly parallel to the ring plane. The TS between these two forms is low-lying, 3-7 kJ/mol above the GS form.) The TS for motion of the water between the N 1 and N 2 positions lies 33-34 kJ/mol above the N 1 GS form (11 kJ/mol above the N 2 form). Overall, if the cyclization occurs when the water is retained, the TSs for cyclization lie below the TS(H + AMOx {OC~O})(H 2 O) for CO loss by 4-19 kJ/mol, and are 19-29 kJ/mol below the energy needed for subsequent H 2 O loss, Figure 4 .
We also considered further decomposition of the oxazolone product ion after loss of H 2 O, i.e., loss of CO from H + AMOx to form the a 2 ion. This is the pathway examined computationally by Verkerk et al. [19] , who considered four linear and three cyclic isomers of a 2 as well as the TSs connecting them. (The calculations of Verkerk et al. find comparable energies to the present results for this part of the reaction coordinate surface; however, they did not locate the . We note that the IR spectrum predicted for the cc species is very similar to that for the more stable ct conformer, such that independent identification of such a species using IRMPD spectroscopy is unlikely.) The present calculations, Figure 4 Figure 4 . Thus, once the water has left, cyclization is less likely to occur because it requires more energy and is entropically hindered. This conclusion potentially disagrees with the findings of Verkerk et al. who use IRMPD spectroscopy to identify the cyclic species as the dominant a 2 isomer. In their system, the a 2 ion is also formed by decarbonylation of the H + AMOx b 2 ion, which is a primary fragment of H + GGG; however, in their work, the a 2 product is formed by in-source fragmentation of H + GGG, such that the cyclization could be assisted by association with the other fragments, G and CO, which are then dissociated before spectral interrogation.
Overall, the lowest energy pathway for formation of the a 2 
Loss of CO and NH 3
Neither PCLS nor BAL examined the loss of ammonia from H + GG. Pingitore et al. [7] have suggested that the sequential loss of CO and ammonia from H + GG occurs by nucleophilic displacement (S N 2) of NH 3 by CH 2 NH in the (CH 2 NH)(H + G) complex formed after CO expulsion, but performed no explicit calculations of this pathway. This S N 2 pathway was explored here and two rate-limiting TSs were located, one lying 230-248 kJ/mol above the GS and another having a cis CCOH dihedral that lies 34-41 kJ/mol higher. Further details of such a reaction were not explored as much lower energy pathways for deamidation following initial decarbonylation were located.
The lowest energy pathway found is shown in Figure 5 . This route starts with the (CH 2 NH 2 + )(G NH•OC,CH•N ) complex (also shown in Figure 1 ), but could begin with any of its variants. Rearrangement of this complex over a fairly low We also looked for mechanisms involving initial loss of NH 3 Figure 5 , and the latter two channels involve loose TSs, Figure 1 . Finally, the y 1 (H + G) product can dissociate further to form the a 1 product ion in a sequential process.
